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2possess radio halos. (Note X-ray and optical substructures
are well-correlated { Kolokotronis et al. 2001.)
Unfortunately, it is diÆcult to interpret the importance
of merging using the observed frequency of substructure
as it does not itself quantify the deviation of an individual
cluster from a virialized state. And the shocks that could
be responsible for particle acceleration will be proportion-
ally stronger in clusters (of the same mass) with the largest
departures from a virialized state. To measure the dynam-
ical states of clusters from X-ray images it is necessary to
quantify the cluster morphologies using statistics such as
the center-shift (Mohr, Fabricant, & Geller 1993; Mohr et
al. 1995) and the power ratios (Buote & Tsai 1995,1996;
Buote 1998).
In this Letter we provide the rst quantitative compari-
son of the dynamical states of clusters possessing detected
radio halos. Using the power ratios computed previously
from ROSAT X-ray images we nd a correlation between
the power of the radio halo and the magnitude of the dipole
power ratios; i.e., the strongest radio halos appear only
in those clusters currently experiencing the largest depar-
tures from a virialized state. We argue that this correla-
tion conrms the vital role of mergers in accelerating the
relativistic particles responsible for the radio emission and
also explains the rarity of radio halos.
2. radio power and cluster dynamical states
We compiled a sample of 14 clusters selected primar-
ily from the catalogs of radio halos and relics of Feretti
(2000), Giovannini et al. (1999), and Giovannini & Fer-
etti (2000) that also have power ratios measured by BT96.
(Note that the radio powers estimated from the NVSS sur-
vey may be underestimated because of the high noise level
{ e.g., Giovannini et al. 1999.) Also included is the clus-
ter RXJ0658-5557 (1E0657-56) that has been reported to
possess the most powerful radio halo to date (Liang et al.
2000) even though it was not analyzed by BT96. We ob-
tained a deep HRI exposure (58ks) of RXJ0658 from the
ROSAT public data archive and computed power ratios in
a manner similar to that described by BT96.
It can be shown that the power ratios are a direct mea-
sure of the dynamical state of a cluster modulo projec-
tion eects (Buote 1998). Briey, each P
m
represents
the square of the mth multipole of the two-dimensional
pseudo-potential generated by the X-ray surface bright-
ness evaluated over a circular aperture. The aperture is
positioned at the peak of the X-ray image to compute the




, but is located at the center
of mass (surface brightness) to compute the higher or-
der moments (see BT96). Large departures from a viri-
alized state are then indicated by large power ratios for
the lowest-order multipoles since they contribute most to
the potential.














= 0 following BT96.) Although
the sample is small, a clear trend is observed: radio power




, or the magnitude







. Moreover, all radio-halo clusters



















values indicative of unrelaxed systems, this conrms
previous circumstantial evidence that radio halos prefer-
entially exist in merging systems without massive cooling
ows (e.g., Feretti 2000).
When considering only the emission from radio halos the
cluster A2256 appears to be an outlier; i.e., it possesses a




for a weak radio halo. However, when
the emission from both radio halos and relics are consid-
ered A2256 ts in much better (right panel in Figure 1).
Another cluster, A85, that only possess a radio relic, also








The relic-only cluster A3667 appears to be a genuine





its large radio power. In principle this deviation could
be attributed to a projection eect (i.e., smearing of sub-
structure). But the relic source of A3667 is oset  1




is twice as large
in the 1 Mpc aperture indicating a substantial large-scale











puted within a 1 Mpc aperture, but in this case A3667




similar to (for example) A2163
consistent with the trend. Consequently the \anomalous"





within the 0.5 Mpc aperture not being a sensitive enough
indicator of the dynamical disturbance associated with the





over an entire cluster is probably required to








We mention that for the power ratios computed within
apertures located at the center of mass (surface brightness)









. However, the statistical uncertainties for
this higher order moment are large, and the correlation is











) do not show a corre-
lation with P
1:4
. Apparently only dynamical disturbances
that contribute primarily to the odd power ratios correlate
with the power of radio halos and relics.
3. discussion
3.1. Radio Halo and Relic Formation
Previously it has been recognized that radio halos and
relics tend to be associated with mergers, but since a
higher percentage of clusters without radio halos show
evidence for substructure the importance of merging in
the formation of radio halos has remained unclear (e.g.,






correlation (Fig 1) not
only conrms previous circumstantial evidence relating the
presence of radio halos to mergers but, more importantly,
establishes for the rst time a quantitative relationship
between the \strength" of radio halos and relics (P
1:4
)











plane both radio halos and relics may
be described consistently which provides new evidence







correlation supports the idea that shocks in
the X-ray gas generated by mergers of subclusters acceler-
ate (or re-accelerate) the relativistic particles responsible
3Fig. 1.| Radio power (P
1:4






includes emission from (Left) only radio
halos and (Right) the total diuse emission from halos and relic sources. The power ratios are computed within a 0.5 Mpc aperture centered
on the X-ray emission peak with estimated 1 errors shown. (Uncertainties on P
1:4
are believed to be . 10% and are not shown.)
for the radio emission.
3.2. Implications of Outliers
Most of the clusters studied by BT96 do not possess
radio halos or relics. If we consider the brightest  30
clusters for which the sample of BT96 is more than 50%
complete (X-ray selected) most of the clusters without ra-






placing them in the
lower left portion of Figure 1. These clusters are therefore
approximately relaxed systems and, in accordance with
the formation scenario discussed previously, do not have
powerful radio halos or relics.
However, three bright clusters (A754, A3266, Cygnus-A)







) yet have no (or only weakly) detected emission from
a radio halo at 1.4 GHz. Thus each would lie in the bot-







correlation. It is possible that powerful ra-
dio halos for these systems have not been detected at 1.4
GHz owing to their steep spectra; e.g., after our paper was
submitted we became aware of a paper by Kassim et al.
(2001) which presents evidence for a very powerful radio
halo in A754 at 330 MHz. Whether halos in these or other
clusters are detected at other radio frequencies is an im-
portant subject for future studies. For the remainder of
this paper we conne our discussion to studies at 1.4 GHz.
These clusters do have strong radio emission from either
a central source (Cygnus-A) or collectively from several
point sources (A754 and A3266) which could be related to
their current dynamical state. These clusters have similar
structure in their X-ray temperature distribution where
relatively cool gas exists within the central few hundred
kpc and hotter gas, consistent with shock-heating, is lo-
cated at larger radii (e.g., Henry & Briel 1995; Henriksen
& Markevitch 1996; Markevitch et al. 1999,2001; Henrik-
sen et al. 2000; Sarazin 2000). The temperature maps of
these systems imply mergers that have not disrupted the
cores, and detailed hydrodynamical models conrm that
the mergers in these systems are o-axis and must be in
the very earliest stages (e.g., Roettiger et al. 1998; Flores
et al. 2000; Roettiger & Flores 2000).
The temperature structure of these deviant clusters is
similar to that of A3667 (e.g, Vikhlinin et al. 2000) which
also has no detected radio halo. As discussed previously,
this system has a large-scale dynamical disturbance with






within the 1 Mpc aperture
similar to those clusters with the most powerful halos. In
contrast, A2256, the most deviant cluster in Figure 1 when
considering only the emission from radio halos, does have
a measured weak radio halo. Unlike the other clusters
described in this section, the X-ray temperature map of
A2256 (e.g., Sun et al. 2001) indicates a more advanced
merger that has begun to disrupt the core.
The properties of these deviant clusters suggest that ra-
dio halos form only when a suÆciently large dynamical
disturbance has proceeded fully into the core of a cluster.
The formation of halos and relics also appears to be related
since the relic sources (most notably A2256) are consis-






trend when both halo and
relic emission are included. Further study is needed to
establish the existence of a direct link between halos and
relics, especially to ascertain if peripheral relics are formed
preferentially at early times during mergers.
Finally, the faintest cluster studied by BT96, A514, has
the largest power ratios but does not possess a radio halo.
This cluster consists of several small clumps embedded in
a diuse halo of X-ray emission (e.g., Figure 5 in Buote &
Tsai 1995). The lack of a radio halo could arise because
A514 is apparently in the earliest formation stages and
perhaps has not had enough time to generate a reservoir
of relativistic particles for re-acceleration. Alternatively,
the low mass of this cluster may indicate that insuÆcient
4energy is available to accelerate particles to the speeds re-
quired for synchrotron emission.







(Figure 1) holds approximately
for systems with radio halos (and no relics) there is con-










by a factor of  5 in radio power. It is possible that pro-





A665 and A2163 which will become apparent as the sam-





Or perhaps the dynamical states of these clusters could be




(x2). However, this large dierence in radio power could
imply the existence of another physical parameter funda-
mental to the formation of radio halos.
The mass of the cluster is a logical candidate for a funda-
mental parameter since the energy available to accelerate
relativistic particles during a merger scales as M
2
. The







Giovannini et al. (1999), Colafrancesco (1999), and Liang
et al. (2000) provide strong evidence for the inuence of the
cluster mass on the power of radio halos. This mass depen-
dence would explain the lack of a radio halo in the highly
disturbed low-luminosity cluster A514 discussed above.







could be reduced if cluster masses are con-
sidered. For example, ifM  T
x
3=2
as appropriate for pure
gravitational infall, then using the temperatures of White












for A2163; i.e., the cluster with larger
P
1:4








a large sample of clusters will be required to determine





, or the frequency used to evaluate the radio
power can reduce the scatter in Figure 1.
3.4. Rarity of Radio Halos and Relics
The infrequent occurrence of radio halos in X-ray clus-
ter samples can be understood when both the dynamical
state and mass of the cluster are considered. In their study
of an X-ray ux limited sample of 205 clusters Giovannini
et al. (1999) detect radio halos in only < 5% of clusters
with L
x




but in  30% of clusters
with L
x












= 0:5). Hence, the need for suÆcient L
x
, therefore
mass, can explain the rarity of radio halos in lower mass
clusters.
For the most massive and X-ray luminous systems the
relative frequency (< 50%) of radio halos cannot be ex-
plained by considering only the mass or, equivalently, only
the X-ray temperature. For example, both A665 and
A2029 have T
x
 8 keV(e.g., White 2000) but only A665
has a powerful radio halo. However, A665 is currently ex-










fact, of the brightest  30 clusters in the sample of BT96







sess radio halos (relics) or suggest an early merger that
has not fully disrupted the cluster core (see x3.2). One
can select just for the radio halos by eliminating clusters
that demonstrate characteristic X-ray temperature struc-





radial prole (e.g., the outliers A3266 and Cygnus-
A { see BT96).
Thus, for massive clusters the occurrence of radio halos
may be explained by the frequency of clusters currently ex-





is expected to increase with increasing redshift ow-
ing to the higher incidence of merging (Buote 1998) which
would lead to a higher incidence of radio halos. However,
on average cluster masses are lower at earlier times imply-
ing a lower incidence of radio halos. Each of these factors
is dependent on the assumed cosmology, and future theo-
retical work is therefore required to establish whether the
abundance of radio halos (1) increases or decreases with
redshift, and (2) provides an interesting test of cosmolog-
ical models.
I thank the anonymous referee for many helpful com-
ments, especially with regards to the published radio data.
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